Background. The purpose of this study was to evaluate the reliability and validity of using US imaging for measuring Achilles tendon insertion area to the calcaneus. Methods. Sixteen cadaveric tendons were used to compare the agreement between Achilles tendon insertion length measurements from US images with actual measurements after dissection. In addition, test-retest reliability was performed on six healthy subjects for tendon insertion length (IL), before calcaneal bone cross-sectional area (CSA) and tendon insertion angle (IA). The reliability and validity of the measurements was analyzed with intra-class correlation coefficient (ICC) and standard error of measurement (SEM). Results. There were significant differences and poor to good agreement between US measurements and Anthropometric measurements. Using cadaveric tendons images, the measurements agreement between the observers were good to excellent for IL, bone-to-insertion length and width before calcaneal bone (ICC 2,4 =.784, .935, .952). Test-retest reliability was excellent for US measurements for tendon IL (ICC 2,4 =.977,SEM=0.53mm), bone to IL (ICC 2,4 =.96, SEM=0.44mm), width before calcaneal bone (ICC 2,4 =.946, SEM=0.51mm), CSA (ICC 2,4 =.918, SEM=5.93mm 2 ), and IA (ICC 2,4 =.933, SEM=1.9°) on healthy tendons. Conclusions. US imaging was found to be reliable and valid to determine IL, width, and CSA of the Achilles tendon. The use of US imaging to determine Achilles tendon insertional size may be beneficial for evaluating the structural changes on disease development and progression.
BACKGROUND
The strongest tendon in the human body is the Achilles tendon; nevertheless, it is often injured in active individuals who participate in running and jumping sports (1, 2) . Clinical symptoms include a combination of local swelling and pain with impaired performance (2) . Achilles tendinopathy can be distinguished into two types based on pain and swelling location, proximal mid-portion (2-6 cm proximal to tendon insertion) and distal insertional (insertion to calcaneus). Insertional Achilles tendinopathy accounts for 20% to 25% of reported Achilles tendon injuries (3) (4) (5) . Differential diagnosis between Achilles tendinopathy (mid-portion or insertional) and other Achilles pathology like partial rupture, bursitis, and paratendionpathy can be made by clinical examination and primary imaging modalities such as ultrasound (US) and magnetic resonance imaging (MRI) (6) (7) (8) . Using US imaging has become popular in both clinical and research settings because it is easy to diagnose superficial musculoskeletal injuries. US can also be used to measure soft tissue structures and follow changes over time due to treatment. Insertional Achilles tendon pain has been reported to be due to pathologies such as insertional tendinopathy, retrocalcaneal bursitis, superficial calcaneal bursitis, calcification, and boney deformity (2) . The variety of affected tissues (bone, bursa, and tendon) might explain the recalcitrant nature of the injury and why treating it is considered a challenge. It has been found that 24.6% of patients with insertional Achilles tendinopathy responded to non-surgical treatment compared to 45.5% of patients with midportion Achilles tendinopathy (9) . Also, the various tissues around the Achilles tendon insertion are subject to different type of stresses during walking, running, and jumping, whereas in the midportion there is a more uniform stress of the tendon. Altered loading at the insertion may damage and injure the tissue and over time lead to structural changes such as formation of calcification and boney deformities at the insertional point (10, 11) . Haglund's deformity may cause impingement that stresses the soft tissue at the posterior heel. One study used X-ray to measure the change of boney deformity in Haglund's deformity (12) . However, soft tissues cannot be evaluated with X-ray. Although insertional Achilles tendinopathy has been evaluated with US imaging, no prior studies have measured and validated the structural geometry at the insertion using US imaging (13) . Having a valid and reliable method for measuring Achilles tendon insertion, may be beneficial for understating the disease process and treatment effectiveness for insertional Achilles tendinopathy. US imaging is a safe, quick, and inexpensive method for diagnosing tendon injuries (14, 15) . It has become the preferable modality for clinicians' screening and a valuable tool for researchers to compare and describe injured structures (14, 15) . US imaging has been found to be reliable and valid for evaluating Achilles tendon length, thickness, cross-sectional area, and the calcification length in patient with insertional Achilles tendinopathy (16) (17) (18) (19) . However, validated and repeatable methods for evaluating the reliability of US imaging to quantify the insertional Achilles tendon size have yet to be established. The primary purposes of this study were to 1) assess the reliability and validity, and procedural reliability of US imaging for measuring the Achilles tendon insertion on the calcaneus, and 2) determine measurement error and smallest detectable change (SDC) values for these US imaging measurements.
MATERIALS AND METHODS
Our study consists of two parts, the first was to evaluate the validity of the measurements on US imaging and the second part of this study was to evaluate test-retest procedural reliability and measurement stability for these US imaging measurements. Procedural reliability was defined as the ability of examiners to consistently repeat the entire US imaging process, including imaging acquisition and measurements on the images. Eight cadavers (16 tendons, age range between 70 to 85 years old, 3 males and 5 females) were used; all cadavers were donated for medical education and research purposes, and prior consent was given by the donor and/or next relatives. The US images from the cadavers were also used to evaluate inter-rater reliability of the measurements from the images. For the test-retest procedural reliability, two assessments separated by 30 minutes were performed on six healthy young subjects (12 tendons), with no recent injury of Achilles tendon (age range 19 -30, 3 male and 3 female). Approval for this study was obtained from institutional review board at the University of Delaware. All healthy participants received verbal and written information about the study and consent was obtained. The article complies with the ethical and scientific standards of Muscle, Ligaments and Tendons Journal (20) .
Imaging of Achilles tendon insertions
In this study, all US images were obtained by using LOGIQ-e US (GE Healthcare) system, and recorded using a wideband linear array probe (5.0 -12.0 MHz) with B-mode at 10 MHz. The first author, who has more than 6 months of experience with US imaging of Achilles tendon, and had passed the reliability training of the research lab, collected the US images from both cadavers and healthy subjects. The position for both cadavers and healthy subjects was prone with the ankle position for healthy subjects at resting position and out of the table edge and for cadaver's ankle position was between 15° to 65° of plantarflexion. During image acquisition from the cadavers, the US transducer was covered in a disposable plastic sleeve, and the gain was adjusted for each image to enhance quality. A gel pad was used between the US probe and the heel to improve the visibility of the tendon insertion. Image collection started by scanning the Achilles tendon from musculotendon junction to the insertion. Then we obtained four long-axis images of the Achilles tendon insertion to measure the insertion length and tendon angle. We then identified the posterior-superior part of the calcaneus. A piece of tape with 1 mm width was placed on the center of the probe to generate shadow as an indicator on the image (figure 1). The skin was marked with a pen just at the tape site when the shadow was aligned with the posterior-superior part of the calcaneus. At this location, we obtained four short-axis images of the tendon for measuring tendon width and cross-section area. All US images were then transferred to another computer for performing measurements, using OsiriX Lite version 8.0.2 (https://www.osirix-viewer.com/ osirix/osirix-md/download-osirix-lite/). The skin of healthy participants were cleaned between measurements, and they were allowed to leave the lab and came back after 30 minutes for the second test session.
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Measurements of ultrasound images
For longitudinal axis images, Achilles tendon insertion was divided into two distinct parts; insertion length and bone-to-insertion length. We defined the insertion length as the distance between proximal and distal attachment of the Achilles tendon insertion, while bone-to-insertion length was the distance between the superior edge of calcaneal bone to the proximal tendon attachment (figure 1). Similarly, for transverse images, we defined the width of the tendon as the distance between the medial to lateral tendon border and was measured by straight line (figure 2). Two additional US measurements, tendon angle and cross-sectional area, were performed on healthy subjects (figure 3). The tendon angle was the angle between the upper part of the posterior surface of calcaneus and proximal attachment of tendon insertion. These measurements were not performed on the cadavers due to the embalmment and inability to standardize the effect of ankle position on these measurements. Using measurement tools on OsiriX Lite version 8.0.2 software, two observers measured all cadaver images independently to assess validity and inter-tester measurement reliability. To minimize bias, both observers processed the US images blindly by performing measurements on the deidentified US images. For procedural reliability, the same person who collected the images of the healthy subjects, also performed the measurements but was blinded to information about subject and side for all images. The average of 4 measurements trials was used.
Collecting anthropometric measurements
After three weeks from obtaining the US images, dissections of the Achilles tendons were performed on the cadavers by first author to minimize the risk of bias by limiting the first author's ability to remembering the measurements values. The cadavers were placed in prone position with the ankle as close to a neutral position as possible. Skin was removed to expose the Achilles tendon; then, the fat pad and other connective tissues around the tendon were carefully detached. A digital caliper (Mitutoyo) was used for measuring the length and width of the insertional area in millimeter and repeated four times. We initially measured tendon width proximal to the calcaneal bone before detaching the tendon and measuring the length. Secondly, the tendon insertion was detached carefully from insertion site starting from the tendon edge distally removing the tendon fibers from insertion. The edge of the proximal attachment (figure 4) . The tendon foot print on the calcaneal bone was used only to measure the bone-to-insertion length by using the caliper to measure between the calcaneal edge and the proximal attachment. For insertion length, the tendon was reflected and flattened while taken the measurements. Insertion length was measured from the detectable edge of proximal attachment to distal border of tendon insertion (figure 4) . Finally, four trials of each measurement were averaged and used for analysis.
STATISTICAL ANALYSIS
All statistical analyses were performed using SPSS statistical package version 24 (SPSS Inc, Chicago, IL). A paired t-test was used for testing the differences between the US imaging and cadaveric measurements. ICC estimates and their 95% confidence intervals were calculated based on a mean-rating (k = 4), model 3 for procedural reliability, and model 2 for measurement reliability. For reliability, ICC values were interpreted as follows; value greater than 0.9 represented excellent reliability, values between 0.75 and 0.9 represented good reli-ability, values between 0.5 and 0.75 indicated moderate reliability, and value less than 0.5 was poor reliability (21) . Test-retest reliability and standard error of measurement (SEM) was calculated according to the following equation: SEM=SD√(1-r) where SD is the standard deviation of the baseline measurement and r is the index of reliability (22) . We also calculated the smallest detectable change (SDC 95% ) for an individual, SDC 95% = 2.77x SEM, and for the group level, SDC 95% =2.77 x SEM/. For all inferential testing the level of significance was set at p<0.05.
RESULTS
Validity
Agreement between US images and cadaveric measurements
There was good agreement between US and cadaver measurements for bone-to-insertion length (ICC 2,4 =0.856) and tendon width before calcaneal bone (ICC 2,4 = 0.840), and poor agreement for insertion length (ICC 2,4 = 0.413) (table Quantifying the Dimensions of Achilles Tendon Insertional Area Using Ultrasound Imaging I). There were no significant differences between insertion length on US images and cadaveric measurements (p>0.05); however, there were significantly lower mean differences of cadaveric measurements for bone-to-insertion and tendon width before calcaneal bone (p<0.05) (table I).
Reliability
Inter-tester reliability of taking the measurements We found that the agreement between observer 1 and 2 was good to excellent for insertion length ICC 2,4 = 0.784 with 95% confident interval =0.404 -0.924, bone-to-insertion length ICC 2,4 = 0.935 with 95% confident interval =0.820 -0.977, and tendon width before calcaneal bone ICC 2,4 = 0.952 with 95% confident interval = 0.627 -0.987.
Procedural Reliability -Test-retest reliability
For the 6 healthies, (12 tendons, mean and standard deviation of age 25 (5.6), height 167 cm (6.7) and weight 71.89 kg (17.75)). There were no significant differences in all measurements on US images between baseline and after 30 min (p>0.05). All measurements had excellent ICCs (0.918-0.977) (table II). The standard error of measurement and smallest detectable change at the individual and the group level are listed in (table II) .
DISCUSSION
This study was conducted to establish the reliability and the validity of US imaging for quantifying the Achilles tendon insertion area (insertion length, bone-to-insertion length, tendon width before calcaneal bone level, tendon angle and tendon cross-sectional area). The main findings suggest that using US imaging for measuring the Achilles tendon insertion length, bone-to-insertion, tendon angle, and tendon width and cross-sectional area at the level of before calcaneal bone are valid and reliable. While the intra-tester and procedural reliability was excellent for all measurements, the inter-tester reliability of measurements was good for insertional length, and excellent for other measurements. The validity of insertional length was found to be poor, but good for bone-to-insertion length and width before insertion.
VALIDITY
In this study, we evaluated the validity by using cadavers as our gold standard. Prior studies have used the cadavers agreement method for Achilles and patellar tendons length measurements as references and reported high level of agreement (16, 23) . Our results suggest that two measurements; bone-to-insertion length and width before insertion, have good validity. While one measurement (insertional length) had poor validity, this might be due to some difficulties related to dissecting tendons from the cadavers. One explanation for poor value is the presence of calcification at distal insertion in some cadavers. Although we were able to measure Achilles tendon insertion with bony deformity distally on US images, it was difficult to perform measurements on some cadavers when the calcified tendon was hard to dissect. For this reason, one tendon was destroyed and had to be excluded from the statistical analysis. Also, it is a possible to include part of the connective tissue when dissecting the tendon from its insertion at distal end. In addition, a difficulty with using embalmed cadavers was that the stiffness of the ankle joint resulted in inability to standardize the ankle angle. In this study the ankle position of cadaveric specimens varied from 15-65 degrees of plantar flexion. Our study showed that tendon width and bone-to-insertion length of actual measurements were consistently smaller than US measurements. This might be due to a dehydration effect of tissue as there was about six weeks between obtaining the images and performing the direct measurement. The effect of dehydration has previously been reported with alteration of biomechanical properties of cadaver tendon before and after two hours of exposure to room condition (23). It is possible these changes affected the anthropometric measurements and led to poor agreement with US measurements. Two additional measurements cross-sectional area and angle were evaluated for inter-tester reliability but not for validity. The nature of these two measurements make having such measurement tool to measure them on cadaver is not feasible. However, simple and advanced geometry measurements (e.g. angle and area) can be easily done through advanced imaging software (OsiriX) on US images.
Measurement Reliability -inter-tester reliability
Two observers (NA, KGS) performed the measurements on the ultrasound images in a random order and autonomously to minimize bias. Although the first observer was the same person who did the cadaver measurement and obtained the images, the US measurements was performed blindly and after several weeks from measuring the actual insertion tendon area. The results above suggest that there is good to excellent agreement between observers, which supports the inter-tester reliability.
Procedural Reliability -test-retest reliability
Our study is the first that measured Achilles tendon cross-sectional area and width at insertion using bony landmark as a reference. Prior studies measured cross-sectional area and coronal diameter of the Achilles tendon at the level of medial malleolus or different distances from the calcaneal insertion (25, 26) . The reproducibility of tendon CSA and tendon width was reported in previous studies but in different statistical method such as inter class correlation and coefficient of variance (CV); however, the reported values as follow: tendon CSA as ICC= .92 (27) , tendon CSA with 7% CV and tendon width with 4% CV (28) ; and tendon CSA with ICC= 0.81 (25) . Taking two measurements (width and area) at consistent location may help to explain the tendon formation at insertion level. As noted in prior studies tendon width and cross-section area become larger (oval shape) distally than at mid-portion proximally (26) . Further research is needed to evaluate the measurements in different joint angles. Knowing the true difference of each measurement is useful to distinguish error from true change; thus, the smallest detectable change values of each measurement was reported (table II) . Very few studies reported SDC for Achilles tendon CSA. Our SDC 95% group of CSA was 4.74 mm 2 comparing with 1 mm 2 for CSA of free tendon (29) , while other study reported 15 mm 2 when CSA obtained at the level of medial malleolus (25) . To our knowledge, no other studies have investigated the angle and insertion length. Future studies should use these measurements to investigate the Achilles tendon insertion disorders development and prognosis with or without receiving surgical or non-surgical treatments around the Achilles tendon insertional structures.
LIMITATIONS
Our main study limitation was that some measurements were performed on healthy individuals. The purpose of that was to evaluate the stability of measurements on healthy people before testing it on patients with Achilles tendon insertion disorders. Also, because the cadavers were part of the anatomy class and the course instructor must follow the syllabus for educational purposes, we were not allowed to dissect the cadavers immediately after obtaining the US images; therefore, the considerable time gap between obtaining US image and dissecting Achilles tendon was unavoidable. Our dissection method may not be the ideal approach to get the real measurements precisely, but we followed a consistent technique for the most measurements to avoid any error throughout collecting the actual measurement. MRI is considered the gold standard for measuring anatomical structures and with it would be possible to compare the angle and cross-sectional area that were not possible to have a tool to measure it directly from the cadavers. It may be the insertional measurements change with changing the ankle joint ankle. More research is needed to establish the rela-Quantifying the Dimensions of Achilles Tendon Insertional Area Using Ultrasound Imaging tionship of changing of ankle joint angle with the insertional Achille tendon length measurements.
CLINICAL IMPLICATION
US imaging was found to be reliable and valid to determine Achilles tendon footprint length and tendon width. The use of this US imaging technique to determine Achilles tendon insertional size may be beneficial for evaluating the effect of structure on disease development and progression.
